Unexpected evolutionary proximity of eukaryotic and cyanobacterial enzymes responsible for biosynthesis of retinoic acid and its oxidation.
Biosynthesis of retinoic acid from retinaldehyde (retinal) is catalysed by an aldehyde dehydrogenase (ALDH) and its oxidation by cytochrome P450 enzymes (CYPs). Herein we
show by phylogenetic analysis that the ALDHs and CYPs in the retinoic acid pathway in animals are much closer in 10 evolutionary terms to cyanobacterial orthologs than would be expected from the standard models of evolution.
Retinoic acid (RA) is the main biologically active form of Vitamin A 1 and controls key development processes in the animal kingdom. 2 Indeed, RA signalling has been considered to be a 15 distinctive feature of animals 3 with phylogenetic analyses pushing the evolutionary origins of retinoid biosynthesis ever earlier through the chordate 4 and bilaterian 5 lineages. RA is also medically important. Both RA and analogues are used as therapeutic drugs; 6 RA can be a harmful teratogen in other 20 circumstances.
7
Given its animal "heritage", it is surprising that RA, its biosynthetic precursor retinaldehyde and oxidised catabolites of RA have recently been discovered in cyanobacteria, 8 since animals and cyanobacteria are, in standard models, linked only at 25 the very beginning of evolutionary history. 9 Research has focused little on the possibility that RA is a signalling molecule in cyanobacteria, with more emphasis on its seemingly aggressive teratogenic effects on other organisms during cyanobacterial blooms in, for example, eutrophic lakes in China. Our interests in sensory processes in cyanobacteria 11 and eukaryotic signalling molecules 12 led us to consider the possibility that there were hitherto unnoticed links between RA signalling in the animal kingdom and in cyanobacteria. Since lateral gene transfer between cyanobacteria and animals has been 35 implied previously, 13 we reasoned it unwise to assume that RA signalling had evolved independently in these apparently utterly diverse lineages. Herein we extend to cyanobacteria phylogenetic analyses of the distinctive enzymes responsible for retinoid biosynthesis in animals and conclude that assumptions about 40 separate evolution of RA pathways should be re-evaluated.
In vertebrates, retinoic acid 3 is biosynthesised from dietary retinal 2 (or dietary beta-carotene 1 via retinal 2). 3 There are two enzymes that are highly characteristic of retinoid biosynthesis and catabolism and that have been the subjects of detailed 45 phylogenetic analysis in eukaryotes, namely the aldehyde dehydrogenase (ALDH) that catalyses dehydrogenation of retinal 2 to form RA 5, 14 and the cytochrome P450 that further transforms, or catabolises, RA. 15 Our study sought, very simply, to extend these phylogenetic analyses to prokaryotes.
50
In 2011 Sobreira et al. published their phylogenetic analysis of ALDH enzymes in eukaryotes, which included a range of organisms from across the evolutionary spectrum. 14 We submitted the protein sequence of human ALDH1A1 55 (EAW62544) to NCBI BLASTp 16 using standard settings but including only prokaryotes. Intriguingly, the closest alignments from all bacteria and archaea were with aldehyde dehydrogenases from cyanobacteria and from planctomycetes. We therefore added representative examples of these classes to the eukaryotic 60 dataset used by Sobreira et al.
14 ALDH sequences were aligned in MUSCLE and viewed in MEGA5 (see Supplementary Information). Phylogeny was inferred by Maximum Likelihood using the Jones-Taylor-Thornton (JTT) model with 1000 bootstrap replicates. Our unrooted phylogenetic tree including 65 cyanobacterial and planctomycete orthologs is shown in Figure 1 .
According to Sobreira et al., ALDH1a and ALDH2 enzymes fall into a common clade, in which the former specifically do and the latter specifically do not process retinaldehyde.
14 Our research
suggests that the bacterial orthologs should be considered phylogenetically as part of the same clade and that animal ALDH1a/2 enzymes are more closely related in evolutionary terms to these bacterial ALDHs than they are to their closest paralogs in the same animals, ALDH1L and ALDH8 dehydrogenases (Fig. 1) . The next biosynthetic step is the oxidation of RA by cytochrome P450 enzymes known as CYP26 in animals 6 and CYP120 in cyanobacteria. 17, 18 A 2009 phylogenetic analysis of CYP26s by Albalat and Canestro gave an early clue that RA 10 pathways may be 'ancient elements of animal genomes, already present in the last common ancestor of bilaterians'. 5 Once again, we first verified that we could reproduce Albalat and Canestro's tree using our methods. We then used NCBI BLASTp against the prokaryotic proteome to identify non-eukaryotic orthologs and, 15 once again, found the best matches to be in cyanobacteria (though not planctomycetes). Figure 2 presents our expanded phylogenetic tree for metazoan CYP26, plant CYP707 and cyanobacterial CYP120 orthologs. Animal CYP51 and CYP4v2 paralogs were added and the tree 20 was rooted on human CYP4v2 as in the literature. 5 Again, the cyanobacterial CYP120s fall clearly within the clade including animal CYP26s and plant CYP707s
The two phylogenetic trees presented here are together strong evidence that the retinoic acid biosynthetic pathway outlined in 25 Scheme 1 did not evolve separately in eukaryotes and prokaryotes. Rather the occurrence of two enzymes in the same pathway that both have structural and functional analogies across cyanobacteria and metazoans is more easily explained by a hitherto unsuspected lateral transfer of the corresponding genes. Lateral gene transfer from cyanobacteria to animals has precedent; Aravind et al. have concluded that WD40 domains in metazoans most likely arose through such an event. 13, 20 Structural, spectroscopic and analytical studies show that CYP120A1 from Synechocystis and metazoan CYP26s are 35 strikingly similar. They have both been shown to catalyse reactions of RA and to oxidise it at the 4-and 18-positions (oxidation at the 2-position has also been proposed in the cyanobacterium). 6, 17, 21, 22 Furthermore, there are conserved tryptophan and phenylalanine residues believed to occupy 40 important positions in the binding site. Indeed, Alder et al. have observed that 'despite the huge evolutionary distance' vertebrate and cyanobacterial retinoic acid hydroxylases are similar. 18 Our proposal of lateral gene transfer may resolve this conundrum.
To our knowledge there are no structural or mechanistic 45 studies on the bacterial ALDH enzymes included in our phylogenetic analysis and the few annotations as "retinal dehydrogenase" appear to be from homology only. Therefore, we undertook a detailed study of the active site motif identified by Sobreira et al. as being characteristic of the catalytic site of these 50 enzymes in vertebrates, GQCC, which is found at amino acids 299-302 of human ALDH1A1. 14 The GQCC motif is found in many of the eukaryotic ALDH1 and ALDH2 enzymes in our study and in none of the ALDH8 and ALDH1L proteins. Strikingly the same motif is present in all of 55 the bacteria we investigated, as indicated in Figure 1 . This conserved motif at the catalytic site lends further support to our proposal that the similarities between animal and bacterial ALDHs are unlikely to have arisen through independent, convergent evolution. 
Conclusions
Maximum likelihood phylogenetic analyses, across all kingdoms, of both ALDH1a/2 aldehyde dehydrogenases and cytochrome 10 P450 enzymes known to oxidise retinoic acid show surprising evolutionary proximities between animal and cyanobacterial proteins (and also planctomycetes in the case of ALDHs). We believe the simplest explanation consistent with these data, and with literature observations on the structures and functions of the 15 enzymes, to be a lateral gene transfer event between the bacteria and animals. Given the importance of retinoic acid biosynthesis to developmental biology and in medicine, our observations suggest that detailed research of the pathway in cyanobacteria could have 20 an impact on human healthcare, 2 as well as understanding of important ecosystems. 10 Further studies of the evolutionary links between such apparently distant species may also be revealing. 
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